Changes in cyclic nucleotide metabolism similar to those characteristic of the chronic forms of hypertension were observed in an acute neurogenic form of hypertension in rats produced by electrolytic lesions of the nucleus tractus solitarii. These changes that were evident 2 hr after the lesions were made included decreased cyclic AMP levels in the heart, increased cGMP: cAMP ratio, cAMP phosphodiesterase (3': 5'-cAMP 5'-nucleotidohydrolase, EC 3.1.4.17) and guanylyl cyclase [GTP pyrophosphate-lyase These studies provide biochemical support to the concept that the sympathetic nervous system may play a critical role in the initiation of the hypertensive syndrome and that chronic hypertension could result from the fixation of the biochemical effects of increased sympathetic activity.
These studies provide biochemical support to the concept that the sympathetic nervous system may play a critical role in the initiation of the hypertensive syndrome and that chronic hypertension could result from the fixation of the biochemical effects of increased sympathetic activity.
There is some evidence that the sympathetic nervous system has a critical role in initiating or sustaining essential hypertension in man (1, 2) . How augmented sympathetic nerve activity can produce a fixed arterial hypertension is not known. One view (3, 4) suggests that sustained states of increased sympathetic nerve activity, perhaps caused by heightened states of emotion, can lead to structural vascular changes, which, by reducing the wall-lumen ratio, could result in increased vascular resistance and serve to "fix" the hypertension. Thus, resumption of sympathetic discharge to normal levels would not reverse the increased vascular resistance and the elevated arterial pressure. Transformation of a transient to a fixed state of vascular resistance might thereby serve as a link between neurogenic and essential forms of hypertension. In accord with this view, prolonged arterial hypertension has been elicited in several animal species by emotional or physical stress (5) (6) (7) , by conditioning (8) , or by repetitive electrical stimulation of the brain (9) .
The mechanisms through which the activity of sympathetic impulses mediates changes in the arterial walls are not understood. One mechanism could be changes in the metabolism of cyclic nucleotides in the blood vessel wall. The cyclic nucleotide system might, therefore, represent the interface (10, 11) . Moreover, the metabolism and accumulation of these cyclic nucleotides can be altered by catecholamine neurotransmitters (12) . Changes in the metabolism of these important messengers have already been shown to characterize the vessels and heart from animals with three chronic forms of hypertension in rats (13, 14) . 
MATERIALS AND METHODS
Male Sprague-Dawley rats (Carworth Farms, New York) weighing 300-400 g were used in this study. The production of arterial hypertension by bilateral lesions of NTS has been described in detail elsewhere (15) . In brief, the rats were anesthetized with halothane (3% in 100% 02 blown over the nose through a face mask). An arterial cannula was inserted in either the femoral or ventral tail artery and the region of the obex was exposed by an occopital carniotomy. A Teflon-coated electrode, with an exposed tip of 0.3 mm and carried by a micromanipulator, was placed into the NTS at the level of the obex. Electrolytic lesions were made by passing a dc current, the wounds were closed, and the animals were permitted to recover from anesthesia. Sham-operated controls were treated similarly but without placing the electrodes in the brain. In some animals, the blood pressure was monitored continuously. After 2 hr, the animals were killed by decapitation and the hearts and the aortas (from heart to femoral bifurcation) were rapidly removed. A portion of each tissue was rapidly frozen in liquid nitrogen and kept frozen at -20°u ntil analyzed for cyclic nucleotide contents, not more than 2 weeks later. The rest of the fresh tissue was used for the enzyme assays; two to three aortas were pooled for most assays. In some experiments, designed to examine the effects of elevated blood pressure per se on cyclic nucleotide metabolism in the heart, the aorta was ligated just below the dia- Significantly different from basal (P < 0.05). ** nmol cyclic nucleotide hydrolyzed/5 mg wet tissue per 10 mm at 300; mean of four to ten determinations ASEM. tt Calculated as described previously (13) (15, 16) , bilateral electrolytic lesions in the NTS region of rat brainstem produced a considerable rise in pressure that was still sustained 2 hr later. The lesions also elicited significant changes in the amounts of cyclic nucleotides within the aorta and heart (Table 1 ). The level of cAMP was reduced in both organs, whereas the level of cGMP was increased in the aorta, but not in the heart.
The ratios of cGMP to cAMP were markedly elevated in the aorta of animals with lesions, with only a very small change in the ratio within the heart. This fact is evident in the elevated cyclic nucleotide index, which reflects changes in cAMP to cGMP ratios in the treated animals as related to the sham controls. A cyclic nucleotide index higher than 1 indicates that, in the tissues from the animals with lesions, the levels of cGMP were relatively higheri than the cAMP levels, compared to the tissues of the sham controls. The basal levels of adenylyl cyclase in animals with lesions did not differ from that in controls. However, the se'sitivity of adenylyl cyclase to activation by the ,3-adrenergic agonist isoproterenol, but not sodium fluoride, was impaired. In addition, the basal activity of guanylyl cyclase was elevated in the aorta but not in the heart. No significant changes were found in the total phosphodiesterase activity in animals with NTS lesions when compared to controls irrespective of the substrate used (Table 1) . However, the amount of the low-Km (high-affinity) form of the enzyme [which is probably the more important form biologically (13)] was significantly increased in both the aortas and hearts of animals with NTS lesions, when cAMP was used as a substrate. These findings demonstrate, there- fore, that there probably is increased degradation of cAMP, but not cGMP, in both organs. Systemic 6-OH-dopamine and adrenalectomy entirely prevented the rise of blood pressure produced by NTS lesions as was previously described (16) ( Table 2 ). This treatment also blocked any changes in the levels of cAMP or cGMP in aorta or heart.
Aortic ligation elevated the blood pressure in the carotid artery to levels close to those seen in NTS hypertension (Table 3) . Aortic ligation, however, not only failed to produce a decrease in myocardial cAMP, but indeed elicited the reverse changes in both cAMP levels and phosphodiesterase activity in the heart; i.e., cAMP levels were higher, while the percentage of high-affinity phosphodiesterase activity was reduced. Furthermore, total phosphodiesterase activity was higher and the percentage of high-affinity phosphodiesterase was lower when cGMP was used as substrate.
DISCUSSION
The present study demonstrates that an acute increase in sympathetic discharge is capable of producing alterations in cyclic nucleotide metabolism similar to those found in chronic forms of hypertension (14) . The prominent changes are a decreased concentration of cAMP in the aorta and the heart and an increased concentration of cGMP in the aorta. The changes occur within 2 hr after the development of increased sympathetic activity elicited by the NTS lesion. Presumably, they are due to an increased release of catecholamines.
The decrease in cAMP in both aorta and heart appears to result from two concurrent processes. The first and most important is an increased activity of the high-affinity phosphodiesterase, an effect which would accelerate the degradation of cAMP. The second process is the decreased sensitivity of adenylyl cyclase to activation, as shown by the strongly reduced effects of the f-adrenergic agonist isoproterenol.
Since the basal activity of this enzyme did not change, it is unlikely to be responsible for the lower cAMP levels after the NTS lesion. The incapacity of this enzyme to be activated by adrenergic stimulation, as shown by its lower sensitivity to isoproterenol, suggests that the capacity of the system to increase cyclic AMP synthesis during sympathetic stimulation is impaired. This would result in an imbalance in cyclic nucleotide synthesis in favor of GMP.
The decreased sensitivity in adenylyl cyclase to stimulation is also characteristic of diseases other than hypertension and may play an important role in their etiology (17) . Loss of adenylyl cyclase sensitivity was observed in in vitro systems after excessive stimulation (18) . The present studies may pro- 
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Mean carotid blood pressured 118.0 :I= 4.0 168.0 A1 8.0** The aortas were ligated just below the diaphragm under halothane anesthesia and the adrenals and kidneys were removed. In the controls, laparotomy was performed and adrenals and kidneys were removed without ligating the aorta. Blood pressure was measured by direct cannulation of the carotid artery 2 hr after surgery. Immediately following the blood pressure measurements, the animals were killed and the hearts were removed.
* pmol/mg wet tissue; average of seven determinations 4 SEM.
t Significantly different from control (P < 0.05). t cAMP control cAMP hypertensive cGMP control cGMP hypertensive § nmol cyclic nucleotide hydrolyzed per 15 mg wet tissue/10 min at 300; mean of seven determinations 4 SEM.
¶ Calculated as described previously (24) from the data obtained at 15 substrate concentrations. mm Hg; mean of six determinations + SEM. ** Significantly different from control (P < 0.01).
vide an in vivo confirmation of these in vitro systems, since the loss of sensitivity results from excessive sympathetic discharge and the associated increased concentrations of norepinephrine released at the nerve endings.
In the aorta, but not the heart, the decrease in cAMP levels is paralleled by an increase in the quantity of cGMP. The increased levels of cGMP appear primarily to be related to an increase in the synthesis of this nucleotide, since the only change in its metabolism is an increase in the activity of guanylyl cyclase without any changes in the degradation of the cGMP by phosphodiesterase. Thus, in the aorta there was increased degradation of cAMP coupled with increased synthesis of cGMP.
The changes in cyclic nucleotide levels appear to be related to the increase in discharge of the sympathetic nervous system elicited by the brainstem lesion and not to the elevated blood pressure per se. The evidence for this conclusion is 2-fold.
First, systemic administration of 6-OH-dopamine combined with adrenalectomy not only prevents the elevation of blood pressure produced by the lesion (16) , but also blocks the lesion-induced changes in cyclic nucleotide metabolism. This dose of 6-OH-dopamine will reduce the concentrations of norepinephrine in the myocardium (16) and functionally denervate peripheral vessels, making them unreactive to sympathetic nerve stimulation (19, 20) . The observation also demonstrates that the acute changes in cyclic nucleotide metabolism in the aorta and heart, which follow NTS lesions, are related to the release of catecholamines from sympathetic nerves and possibly the adrenal medulla.
Second, elevation of the intravascular pressure in vessels of the upper body and within the heart by acute ligation of the abdominal aorta failed to produce reduction in the concentrations of cAMP in the heart. Indeed, aortic ligation and the consequent increase in blood pressure in the chest resulted in an increase in cAMP. Since elevation of arterial pressure produced by aortic ligation will increase baroreceptor reflex activity and hence reduce the sympathetic drive to the heart, the findings suggest that the levels of this nucleotide are in a dynamic state, increasing or decreasing in response to fluctuations of the level of sympathetic nerve activity. These findings would parallel the observations of Deguchi and Axelrod on the regulation of the pineal gland by dynamic changes in sympathetic nerve activity (21) .
The rise in cGMP levels in the aorta that is brought about by the increase of guanylyl cyclase activity may also reflect the increase of adrenergic tone which is apparently present in these animals. cGMP production is known to increase in human plasma (22) and platelets (10), rat vas deferens (23) , and rabbit gallbladder (24) after a-adrenergic stimulation.
It is well recognized that the disease of essential hypertension in man is primarily due to increased peripheral resistance, primarily involving the smaller peripheral arteries and arteriols. Studies with more peripheral vascular beds would be more meaningful than studies with the aorta. In an earlier study (14) , the changes in cyclic nucleotide metabolism in spontaneously hypertensive rats were similar in both the aorta and mesenteric artery. It may, therefore, be inferred that in the NTS-lesion-induced hypertension, changes in cyclic nucleotide metabolism similar to those already described for the aorta exist in the more peripheral vascular beds.
In conclusion, the study demonstrates that a 2-hr increase resulting in hypertension will elicit pronounced changes in the amounts and metabolism of cyclic nucleotides in the heart and aorta. The profile of these changes is similar to those seen in the same organs of rats in which hypertension has been produced chronically either as a consequence of a genetic defect (the spontaneously hypertensive rat), increased sodium intake, or prolonged physical and emotional stress (14) . It is not known whether the changes in cyclic nucleotide metabolism observed are reversible. However, the possibility exists that these changes may become irreversible on repeated exposure to elevated sympathetic tone. Our findings therefore suggest that, when sustained, the neurogenically mediated biochemical changes in the circulatory system may become "fixed," producing an increased state of resistivity that characterizes some states of hypertension in man and animals (4) . These sympathetically mediated changes in blood vessels may serve as a link between the transient and reversible elevations of blood pressure that characterize short periods of emotional arousal and the more enduring elevation of blood pressure characterizing the disease of essential hypertension.
